We have studied the optical properties of the heavy-fermion compound UNi2Al3 at frequencies between 100 GHz and 1 THz (3 cm −1 and 35 cm −1 ), temperatures between 2 K and 300 K, and magnetic fields up to 7 T. From the measured transmission and phaseshift of radiation passing through a thin film of UNi2Al3, we have directly determined the frequency dependence of the real and imaginary parts of the optical conductivity (or permittivity, respectively). At low temperatures the anisotropy of the optical conductivity along the a-and c-axes is about 1.5. The frequency dependence of the real part of the optical conductivity shows a maximum at low temperatures, around 3 cm −1 for the a-axis and around 4.5 cm −1 for the c-axis. This feature is visible already at 30 K, much higher than the Néel temperature of 4.6 K, and it does not depend on external magnetic fields as high as 7 T. We conclude that this feature is independent of the antiferromagnetic order for UNi2Al3, and this might also be the case for UPd2Al3 and UPt3, where a similar maximum in the optical conductivity was observed previously [M. Dressel et al., Phys. Rev. Lett. 88, 186404 (2002)].
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I. INTRODUCTION
Heavy-fermion materials, such as UNi 2 Al 3 , are intermetallic compounds that contain f -electrons. They behave as metals, but when they are cooled below the coherence temperature, their properties change drastically due to the hybridisation between the delocalized conduction and localized f -electrons. Thus heavy fermions are model systems for strongly interacting electrons. The hybridisation leads to a gap in the density of states and a very large effective mass m * . For UNi 2 Al 3 the mass enhancement m * /m is estimated to be around 70. 1 Heavyfermion behavior has been studied in detail for example by dc resistivity, susceptibility, and specific heat for many different compounds including the title compound UNi 2 Al 3 .
1,2 However, much less spectroscopic data are available.
Optical studies on heavy fermions are especially interesting because electromagnetic radiation couples directly to the electronic system, and the frequency of the radiation is an energy scale that can be adjusted to the material characteristics of interest.
3,4 For temperatures above the coherence temperature, the real parts of the optical conductivity σ 1 (ω) and the dielectric function ǫ 1 (ω) are expected to follow conventional Drude behavior:
Here σ dc is the dc conductivity,
1/2 the plasma frequency, τ D the relaxation time, Γ D = 1/(2πcτ D ) the scattering rate, and ω the angular frequency. The frequency dependences of the real parts of σ(ω) and ǫ(ω) in case of a Drude behavior are shown in Fig. 1 .
Below the coherence temperature, peculiar optical characteristics are known for heavy fermions. renormalized Drude behavior at microwave frequencies was predicted by Millis and Lee 5 and found experimentally, 6-10 also for UNi 2 Al 3 .
11 Here the Drude conductivity has renormalized effective mass m * and scattering rate Γ This leads to an unaffected σ dc ∝ τ * D /m * but renormalized scattering rate Γ * D in the Drude behavior. Therefore heavy-fermion behavior is not apparent in the dc transport but clearly observable in the frequency dependence of the optical conductivity σ(ω). The hybridisation gap in the infrared is another well-studied characteristic of heavy-fermion optics. 12, 13 It is usually attributed to excitations over the gap in the density of states that develops due to the hybridisation, 14 but there are also recent calculations that describe such a gap structure in the conductivity as a bandstructure effect. 15, 16 In the present study we concentrate on frequencies that are much lower than those typically assumed for the hybridization gap.
In 
Here ω 0 is the center frequency, ω P,L the plasma frequency and Γ L = 1/(2πcτ L ) the broadening of the Lorentzian oscillator. In both materials the maximum in σ 1 develops at temperatures directly below the Néel temperature which is 14.5 K for UPd 2 Al 3 and 5 K for UPt 3 . This was the main reason to relate this feature to the antiferromagnetic ordering, 19, 20, 22 but the details are not well understood. Thus it is important to study further heavy-fermion compounds in the frequency range between ν = 1 cm −1 and 30 cm −1 to examine whether this feature is generic for heavy-fermion compounds and to find out more about its origin.
UNi 2 Al 3 is especially suited to address this question as it is very similar to the isostructural compound UPd 2 Al 3 .
1,23 Both of them have a hexagonal crystal structure, and an anisotropy in the transport properties along the a-and c-axes.
24,25 UPd 2 Al 3 has a commensurable antiferromagnetic phase below 14.5 K with a magnetic moment of 0.85µ B .
26 For UNi 2 Al 3 the phase transition to the antiferromagnetically ordered state takes place at T N = 4.6 K. Here the order is incommensurable with a magnetic moment of 0.24µ B .
26,27 Furthermore, both compounds show a superconducting transition, UPd 2 Al 3 at T c = 2 K, UNi 2 Al 3 at 1 K. 1, 23 As the two compounds are very similar, we expect similar optical properties, and therefore there should be a maximum in the real part of the optical conductivity at a few wavenumbers for UNi 2 Al 3 as well. An advantage of UNi 2 Al 3 for these studies is that the antiferromagnetically ordered state can be suppressed with magnetic fields that can be combined with optical spectroscopy. Following the phase diagrams of UNi 2 Al 3 determined for single crystals by Süllow et al. 28 and Tateiwa et al. 29 , at 2 K the antiferromagnetically ordered state can be suppressed with a magnetic field of about 6 T aligned along the a-axis of UNi 2 Al 3 , whereas our own magnetoresistance studies on UNi 2 Al 3 thin films (including the present film) revealed a somewhat higher critical field.
30
For UPd 2 Al 3 much higher fields of the order of 20 T are necessary to reach the phase boundary.
31
One further advantage of UNi 2 Al 3 for our optical experiments is that the a-and c-axes lie within the plane of the thin film sample 24, 32 and can be probed with incident light of different linear polarization; this allows us to conveniently study whether the anisotropy that is observed in the dc properties 24 of UNi 2 Al 3 is also present in the optical conductivity at frequencies of a few cm −1 .
33
The optical properties of UNi 2 Al 3 at higher frequencies, in the infrared, have been studied previously by Cao et al. for temperatures between 10 K and 300 K using a single crystal; 34 within the small spectral overlap above 30 cm −1 their measurements are consistent with ours.
II. EXPERIMENTAL METHODS
We studied a UNi 2 Al 3 film epitaxially grown with molecular beam epitaxy by coevaporation of the constituent elements onto a heated, 1.044 mm thick YAlO 3 (112) substrate. The (100)-axis of the thin film is perpendicular to the substrate surface. 32 For the transmission measurements at low frequencies, we need a very thin film, here 62 nm, to obtain a measurable transmission signal, and we need a large size of the sample, here 1 cm*1 cm, to avoid diffraction effects. The sample shows a superconducting transition at T c = 0.46 K and an antiferromagnetically ordered phase below T N = 4.2 K, as determined from the dc resistivity. 30 The residual resistivity ratio (RRR) is 5.5 along the a-axis. The substrate YAlO 3 (112) is also anisotropic, 35 and the main optical axes of the YAlO 3 substrate and the UNi 2 Al 3 film, which are equal to the crystallographic axes, are tilted with respect to each other by 45
• . Transmission T r and phase shift φ of radiation passing through the sample were measured for frequencies from 2 cm −1 to 40 cm −1 with a Mach-Zehnder interferometer setup. 37 The radiation sources were several backward wave oscillators with different frequency ranges. Temperatures between 2 K and 300 K were obtained using a home-built optical cryostat. Fig. 2 shows the transmission spectra for the different temperatures and for frequencies below 9 cm −1 . The spectra show well pronounced Fabry-Perot resonances due to the dielectric YAlO 3 substrate. The overall transmission is strongly reduced with decreasing temperature, which directly in- dicates the increase of conductivity of the UNi 2 Al 3 thin film. The details of the analysis procedure, which has to go beyond the conventional approach 4 because of the misaligned anisotropic substrate, are described in Appendix A.
Optical measurements in finite magnetic field up to 7 T were performed at temperatures down to 2 K using an optical cryostat by Oxford instruments which allows measurements in three different configurations with two polarizations of the radiation each, as shown in Fig. 3 . In configuration 1, with the magnetic field aligned parallel to the a-axis of the UNi 2 Al 3 thin film, a large influence of the magnetic field is expected 28 , and here we measured from ν = 2 cm −1 to 8.5 cm −1 at T = 100 K, 10 K and 2 K. In configurations 2 and 3, we measured from ν = 4 cm III. RESULTS
A. Optical conductivity
We determined the real parts σ 1 , ǫ 1 of the optical conductivity and permittivity of UNi 2 Al 3 between 3 cm is almost constant for both directions. This is expected since for temperatures above the coherence temperature the electrons should have a relaxation rate at infrared frequencies. Below 30 K, σ 1 increases strongly with decreasing temperature. Furthermore, we observe the general trend that for our frequency range σ 1 decreases for increasing frequencies. But for the c-axis and the lowest accessible frequencies, a maximum in σ 1 can clearly be identified at a frequency of roughly 4.5 cm −1 . With decreasing temperature the absolute value of the maximum rises, up to 20000 Ω −1 cm −1 at 2 K. Along the a-axis, σ 1 is 27000 Ω −1 cm −1 for 2 K at 3 cm −1 , the lower limit of our accessible frequency range. Here we do not observe yet a maximum in σ 1 , but from microwave measurements 9 we know that σ 1 is smaller than 5000 Ω −1 cm −1 around 0.8 cm −1 at these temperatures, i.e. there must be a maximum between 3 cm −1 and 0.8 cm −1 . This is corroborated further if we examine the real part of the dielectric constant. As shown schematically in Fig. 1 , the maximum in σ 1 is connected in ǫ 1 to a zero-crossing and a minimum at slightly higher frequencies. As evident from Fig. 4 , we can clearly observe both, the minimum and the zero-crossing of ǫ 1 for the c-axis. For the a-axis, we only observe the minimum in ǫ 1 around 5 cm −1 , i.e. the zero-crossing of ǫ 1 and the maximum in σ 1 have to be at slightly lower frequencies than accessed by our experiment. Therefore we conclude that the maximum in σ 1 is located close to 3 cm −1 for the a-axis and 4.5 cm −1 for the c-axis.
At temperatures below 30 K, an almost frequencyindependent anisotropy appears. In Fig. 5 the ratio of σ 1 along the a-and the c-axis shows a pronounced anisotropy of 50 % for 5 K and 10 K. Thus the anisotropy at low temperatures that was already known from the dc transport properties 24 is also present in the THz frequency range.
33
The error bars shown in Fig. 4 are determined by changing the parameters of the fit (to the Fabry-Perot resonances in the experimental data of T r and φ) till there is a clear discrepancy between the fit and the raw data. Below 20 cm −1 , the error in σ 1 is smaller than 10 %. Due to difficulties in the alignment above 20 cm −1 , the uncertainity in the phase shift gets bigger and this leads to a larger error in σ 1 and ǫ 1 at higher frequencies. Additional confirmation for the data above 20 cm −1 comes from independent reflectivity measurements which were performed on a much thicker UNi 2 Al 3 film (150 nm thick) with a Fourier-transform spectrometer and which gave consistent results.
When we compare the maximum in σ 1 of UNi 2 Al 3 to the one known for UPd 2 Al 3 from literature, 20 see Fig. 6 , but also the one in UPt 3 , 21 it looks very similar. In all cases the maximum in the optical conductivity arises at low temperatures at frequencies between 3 cm −1 and 7 cm −1 ; it increases in strength with decreasing temperature and has an almost temperature-independent characteristic frequency. As all the compounds have similar properties, it is very likely that the origin for the maximum in the optical conductivity is the same in all three cases. However for UNi 2 Al 3 there is an important difference compared to the others: for this compound, the maximum already sets in at 30 K. For the other two compounds the explanation for this feature was up to now connected to the antiferromagnetically ordered phase. [19] [20] [21] As our UNi 2 Al 3 sample orders antiferromagnetically only below 4.2 K, it cannot be explained in this picture why we clearly see the maximum already at 30 K. This suggests that the origin of the feature is not due to the antiferromagnetically ordered state for UNi 2 Al 3 , and then this might also not be the case for UPd 2 Al 3 and UPd 3 . Moreover there is an interesting relation between the dc and optical measurements. If we compare the dc conductivity with the frequency dependent conductivity, as in Fig. 4 , it can be seen that within the accuracy of our measurement the value of the optical conductivity at 3 cm −1 is equal to the dc conductivity along the a-axis. Furthermore, the anisotropy appears in dc as well as optical properties. Thus the THz conductivity seems to be closely linked to the dc conductivity. In order to clarify whether there is a connection between the observed optical feature and the antiferromagnetic state, we measured the transmission of the UNi 2 Al 3 film in an applied magnetic field of up to 7 T in the different configurations shown in Fig. 3 . According to the phase diagram determined on this particular sample, 30 we did not induce the transition to the paramagnetic phase with the highest field we applied in the optical experiments. But increasing the field up to 7 T at a temperature of 2 K, we considerably approached the phase boundary. Fig. 7 shows the transmission spectra at 2 K for both the static magnetic field and the electric field of the THz radiation applied along the a-axis. Increasing the field from 0 T to 7 T, we could not detect any change of transmission within our (relative) accuracy of better than 10 %. (This is in contrast to the temperature dependence, which we could easily detect, see Fig. 2 .) Neither did we find any dependence on external magnetic field for the other configurations and temperatures that we tried. If the THz feature were directly related to the antiferromagnetic phase, one would expect it to depend on magnetic field. The absence of any field dependence is a further indication that the observed feature is not connected to the antiferromagnetically ordered phase. In the dc resistivity measurements on the same sample, we observed a magnetoresistace of only 4 % for an applied field of 7 T.
30 From the accuracy of our transmission measurements, we cannot exclude that the THz conductivity in the measured frequency range changes by a similar, small amount. Thus, also the field-dependent behavior of the THz conductivity could match that of the dc conductivity.
IV. CONCLUSIONS
We have determined the optical properties of a UNi 2 Al 3 thin film at frequencies between 3 cm −1 and 35 cm −1 along a-and c-axes for the temperature range from 2 K to 300 K, and we have studied the magneticfield dependence up to 7 T. In the optical conductivity we observe a maximum at low frequencies that appears below 30 K and grows with decreasing temperature. This seems to be the same feature that was already observed for UPd 2 Al 3 19,20 and UPt 3 .
21 From our study we can exclude that this feature is connected to the antiferromagnetically ordered phase as it sets in at temperatures much higher than the Néel temperature and cannot be influenced by fields as high as 7 T. This might also lead to a new interpretation for UPd 2 Al 3 and UPt 3 . Interestingly the absolute value of the maximum in the optical conductivity corresponds to the dc conductivity.
For future studies it would be very interesting to perform field-dependent optical measurements with higher magnetic fields and higher resolution in the THz range. If one can reach the field-induced phase transition without observing any change in the optical properties, this would definitely rule out a connection of the observed feature to the antiferromagnetic state. To determine whether this feature is characteristic for all heavy-fermion compounds or not, the optical conductivity of a non-uranium-based heavy fermion and a heavy fermion without antiferromagnetic order should be studied. Considering the recent improvements in the growth of Ce-based heavy-fermion thin films, this might become feasible in the future. Compared to the conventional case, with our sample we have the rather special case of an anisotropic film on an anisotropic substrate with the main axes tilted by 45
• with respect to each other. Anisotropic samples can only be described in the traditional way when the radiation is polarized along one of the main optical axes of the substrate. To resolve the anisotropy of the conductivity of the UNi 2 Al 3 , the measurements on the UNi 2 Al 3 sample have to be performed with polarization along the main axes of the UNi 2 Al 3 film (which are misaligned with respect to the substrate main axes). But we perform the reference measurements on the empty substrate with polarization along the main axes of the YAlO 3 , see Fig. 8 . To be able to describe the bare anisotropic substrate for any direction of polarization, we developed an extended analysis procedure. 35 The main idea is to split the electric field vector of the incoming light into its projections along the main axes. Then we have to determine how the total measured transmission or phase shift is composed of the transmission and phase shift of radiation polarized along the two substrate main axes. When the incident radiation is not polarized along the main axes, the transmission shows characteristic double maxima (see Figs. 8  and 9 ). Transmission and phase shift for substrate plus film were measured with polarization aligned to the main axes of the UNi 2 Al 3 film; thus we directly and individually obtain the response of the film along each of the two crystallographic axes, a and c. For these measurements it is crucial that the radiation passes first the film and then the substrate as the polarization is changed in the anisotropic substrate.
In Fig. 9 a typical transmission and phase spectrum is shown together with a fit optimized for 14 cm −1 . The characteristic double maxima structure is due to the anisotropic substrate. In the insets of Fig. 9 , the frequency range around 14 cm −1 is shown in detail with the Fabry-Perot maximum for which this particular fit was determined. Here we want to point out that the peculiar feature which is the main topic of this article (maximum in σ 1 ), is already evident from the raw data: in Fig. 9 , it shows up as the Fabry-Perot maximum around 4.5 cm with the absolute value substantially suppressed compared to the adjacent maxima.
